The total cross section for the pp → ppπ 0 reaction at energies close to threshold is calculated using a fully covariant one-boson-exchange model, where a boson B created on one of the incoming protons is converted into a neutral pion on the second. The amplitudes for the conversion processes, BN → N π 0 , are taken to be the sum of s, u and t-channel pole terms. The main contributions to the primary production amplitude is due to an effective isoscalar σ meson pole in a t-channel, strongly enhanced due to offshellness. Both the scale and energy dependence of the cross section are reproduced fairly well.
I. INTRODUCTION
In a recent study of the pp → ppπ 0 reaction at energies close to threshold, it is found that the angular distributions of the outgoing particles are isotropic, in agreement with the assumption that the reaction proceeds as a 33 P 0 → 31 S 0 s 0 transition [1, 2] . Several model calculations [3] [4] [5] [6] of S-wave pion production, which are based on a single nucleon and a pion rescattering mechanism, under estimate the cross section by a factor of 3-5. Inspired by a study of β-decay in nuclei, which indicates that the axial charge of the nuclear system is enhanced by heavy meson exchanges and, by using a simple operator form of the NN potential, Lee and Riska [7] have shown that meson exchange currents could explain the scale of the cross section. Adding to the single nucleon and rescattering terms a Z-graph describing various heavy meson exchanges, Horowitz et al. [8] performed similar calculations based on explicit one-boson-exchange (OBE) model for the NN interaction as well as for the evaluation of meson exchange contributions.
The evaluation of these contributions and particularly the rescattering term depends on the virtuality of the meson exchanged and on how the on mass-shell amplitudes are extended into the off mass-shell region. There are several approaches based on field theoretical models which allow such extension to be made but the results are model dependent. In the traditional phenomenological treatment [3] [4] [5] [6] , the off mass-shell and on mass-shell amplitudes are of the same order of magnitude. Recently, several groups [9] [10] [11] [12] [13] have shown that the off mass-shell πN rescattering amplitude is enhanced strongly with respect to the on mass-shell amplitude. Hernandez and Oset [9] by applying current algebra and PCAC constraints argue that this enhancement may bring the calculated cross section for the pp → ppπ 0 reaction into agreement with experiment. However based on detailed momentum-space calculations,
Hanhart et al. [10] conclude that the enhancement of the rescattering amplitude due to offshellness falls a bit too short to explain the scale of the pp → ppπ 0 cross section. Park et al. [11] and Cohen et al. [12] have applied a chiral perturbation theory (χPT), including chiral order 0 and 1 Lagrangian terms. They have shown that the off mass-shell πN elastic scattering amplitude is enhanced considerably but has an opposite sign with respect to the on mass-shell amplitude. Because of this difference in sign, the rescattering term and the Born term contributing to the pp → ppπ 0 reaction interfere destructively, making the theoretical cross sections much smaller than experimental values and thus enforcing the role heavy meson exchanges may play in π 0 production.
In the present work we report on fully covariant OBE model calculations based on the mechanism depicted in Fig. 1 , where a virtual boson B (B=π, σ, η, ρ, ω, δ ...) created on one of the incoming nucleons, is converted into a π 0 meson on the second via a BN → π 0 N conversion process. The half off mass-shell amplitudes for the conversion processes, hereinafter denoted by T BN →π 0 N , are taken as the sum of three terms corresponding to the s, u and t-channels displayed in Fig. 2 . One important aspect of this mechanism is that at the π 0 production threshold, the transferred 4-momentum is space-like,
This is very much the same kinematic as occurring in π 0 electroproduction through vector meson exchanges, and we apply a formalism similar to the one applied for electroproduction amplitudes [14] calculations. The formalism to be applied is consistent with the OBE picture of the nuclear force and accounts for relativistic effects, energy dependence and nonlocality of the hadronic interactions.
We thus assume that the pion production in pp → ppπ 0 can be described by the graphs of Fig. 3 . The diagrams 3a and 3b represent nucleon pole terms where the neutral pion is produced on a nucleon line. The diagram 3c depicts a pion production occurring on an internal meson line. By applying s-channel unitarity to NN elastic scattering in the energy region below two-pion production threshold, it can be shown that a mechanism like the one displayed in Fig. 3c , should contribute to the production process also [15] .
In fact, because of parity and isospin conservation only production on an internal σ and δ meson lines may contribute to π 0 production. A σ-meson t pole term as such accounts ef f ectively for isoscalar-scalar two-pion exchanges. We shall demonstrate below that this term dominates the production process near threshold. With this term included we reproduce the cross-section data for the pp → ppπ 0 reaction at threshold. No similar a contribution has been included neither in the traditional model calculations [3] [4] [5] [6] [7] [8] nor in χPT calculations [11] [12] [13] . In the OBE picture of NN interactions two-pion exchanges play a significant role in NN interactions [16, 17] and a priori it seems unjustified to disregard them for the production process.
The present article is organized as follows. In Sect. II we present details of the formalism and model parameters. The evaluation of the T π 0 N →π 0 N and T ηp→π 0 p conversion amplitudes require knowledge of the σππ and δηπ vertices. These are derived in subsections B and C. In Sect. III we write the S-wave production amplitude in a form suitable for numerical calculations. Model predictions are given in Sect. IV. At energies close to threshold, final state interactions (FSI) influences the energy dependence of the calculated cross section [18] .
These are introduced in Sect. V where comparison with data is to be made. We conclude and summarize in Sect. VI.
II. THE MODEL
We use the following Lagrangian interaction:
with obvious notations. This expression includes terms identical to the ones used by Machleidt et al. [17] to fit NN elastic scattering data in the energy region 0-420 MeV. Here as in
Ref. [17] pseudovector couplings are assumed for the pseudoscalar mesons and the ω tensor coupling is taken to be zero. All of the coupling constants, meson masses and cut off parameters are taken from Table A .2 of Ref. [17] ; their potential C parameter set.
To calculate the transition amplitude we assume that the reaction is dominated by the mechanism depicted in Fig. 1 and write the primary production amplitude as,
Here p i , q and k are 4-momenta of the i-th nucleon, the exchanged boson and the outgoing pion. The sum runs over all possible B bosons that may contribute to the process. 
where u(p) stands for a nucleon Dirac spinor; I is the appropriate isospin operator and representing vector and tensor form factors, the analogous of the nucleon electromagnetic form factors. In the calculations to be presented below all source form factors are taken in the form [17] ,
Albeit, the propagators and source functions are rather well determined from fitting NN scattering data [17] . Thus to a large extent, the model success in explaining cross section data for the pp → ppπ 0 reaction depends on how well the conversion amplitudes T BN →π 0 N are calculated. The relative importance of the various exchange contributions depend upon the off mass shell behavior of these amplitudes. For example, while the on mass-shell amplitude for π 0 p → π 0 p scattering is very small, the off mass shell amplitude can be strongly enhanced [9, 10] giving rise to a dominant contribution to the production rate.
A. Nucleon pole s and u channel amplitudes
In this subsection we write expressions for s and u-channel nucleon pole terms (diagrams 2a and 2b). These are common to all of the various meson exchanges. We call p and p' the momenta of incoming and outgoing nucleon, q and k those of the boson B and the pion produced, respectively. Let s = (p ′ + k) 2 be the total energy and
Using the vertices of the Lagrangian, Eqn. 1, and the usual Feynman rules the contributions from diagram 2a with B designating a scalar (S), a pseudoscalar (P) and a vector meson (V) are respectively,
T (s)
where a / = a µ q µ . After some algebra one obtains,
The contributions from the u-channel (diagram 2b) are obtained easily by replacing the total energy s in Eqns. 11-13 with u = (p − k) 2 . Likewise, for a vector meson the u-channel pole term is
We now turn to calculate the amplitude T π 0 N →π 0 N . In this case in addition to s and uchannel nucleon pole terms, a neutral pion can be formed on an internal σ meson line. These terms are displayed graphically in Fig. 4 . The contribution from graph 4c depends upon the σππ meson vertex. There is no information about this coupling from traditional analyses of NN elastic scattering [17] . In order to determine this vertex we apply some physics beyond the OBE picture of the NN interactions. Quite generally we write an effective σππ vertex in the form,
where g 0σ , g 1σ , g 2σ are (as yet unknown) constants. Taking the appropriate s and u-channel contribution from Eqn. 12 and adding the contribution from a σ pole in a t-channel one obtains,
Now in order to determine the vertex constants g 0σ , g 1σ and g 2σ we require that the conversion amplitude obeys the three Adler's consistency conditions [19, 20] . These are
where σ πN (0) is the well known πN σ-term [21] and F π the pion radiative decay constant.
These three conditions yield only two relations amongst the constants, which are
Furthermore, we recall that the on mass shell π 0 p S-wave elastic scattering amplitude is parameterized according to [22] ,
with a + being the isospin even π 0 p scattering length. To obtain a third relation we may require that the amplitude Eqn. 17 reproduces F at k = 0, i.e.,
This yields,
We now may use σ πN (0), F π , a + and g σN N as input to evaluate the vertex constants. The value of the quantity σ πN (0) is related to matrix elements of the operator min the proton, where m q stands for the mass of the proton quark constituents. This quantity can be calculated from the baryon spectrum [23] . To leading orders in the quark masses one finds
with y being a measure of the strange quark content in the proton. An even higher a value is obtained from the isospin even πN scattering amplitude at the Cheng-Dashen point, which can be determined experimentally using the low-energy theorem of current algebra. This
gives [23] 
a value to be compared with the well known estimate from soft pion physics [19] 
Two-pion loops contribute to the ππ elastic scattering amplitude and appear as corrections to the leading contact term [19, 26] . As a further check we may evaluate these corrections in terms of an effective σ-meson exchange in s, u and t-channels. By doing so it is straightforward to show that these corrections are
where δ i,j is the Kroneker δ and with i, j being pion isospin indices. The factor of 2 is due to the symmetry of the two σππ vertices. At threshold this expression amounts to about 20% of the contact term, in good agreement with the value of 25% reported by Gasser [26] from improved low energy theorems.
Now that the σππ vertex parameters are well defined we may examine offshellness effects.
To this aim we evaluate the T π 0 p→π 0 p at production threshold for the pp → ppπ 0 and compare with its on mass shell value. When both pion legs are on the mass shell the last term in Eqn.16 reduces to,
At threshold of the pp → ppπ 0 reaction, the momentum squared of the σ meson is (q − k) 2 = (p ′ − p) 2 ≈ −Mm π and the off mass shell t pole term in Eqn. 16 becomes,
which is a factor ≈ 9 larger compared to the on mass shell value Eqn. 30. In Fig. 5 the amplitude T π 0 →π 0 p is drawn as a solid line vs. q 2 . The contributions from the s and u channel nucleon pole and σ-meson pole terms are drawn as dashed and dot-dashed curves, respectively. Off mass shell behavior of the s and u terms in Eqn. 16 is given by the pion form factor, f π (q), the nucleon propagators and the momentum dependence of the πNN vertex. That of the t-channel is affected by the σ meson form factor f σ (q − k) and the V σππ vertex function, Eqn. 15. Note that on the mass shell both of these contributions are small, opposite in signs and cancel to large extent. As q 2 and (q − k) 2 become more negative both terms become negative and therefore add constructively to the conversion amplitude, giving rise to strongly enhanced off mass shell amplitude. We expect then that π exchange plays an important role in the π 0 production process.
The production of a neutral pion can occur also on an internal δ-meson line. To evaluate the amplitude for the conversion process ηp → π 0 p we apply a similar procedure as above.
The η meson couples to the nucleon isobar N * (1535 MeV ) strongly [27] and the main contribution to the conversion amplitude for ηp → π 0 p is due to s and u isobar pole terms (see Fig. 6 ), hereinafter we refer to as the resonance contribution. The other terms (graphs 6c-6e) furnish a background term. A t-channel would involve a vertex with δ, η and π legs defined to be,
Here, to account for the fact that the three legs are different the vertex is described in terms of four constants . Taking the sum of all the graphs in Fig. 6 , we may write,
Here M R = 1535 MeV and Γ = 175 MeV stand for the mass and width of the isobar resonance; g ηN N * = 2.2, g πN N * = 0.8 constants [27] .
We now apply the Adler's consistency conditions to the background term in Eqn. 33 to write the following relations amongst the unknown δηπ vertex constants (see Eqns. 17-19),
Likewise, the quantity σ πN →ηN is a σ-term, a quantity related matrix to elements of various quark massin the nucleon, 
Now the partial decay width of the δ meson into a πη pair is [25] Γ πη = 57 ± 11 MeV . By calculating this width using the expression Eqn. 32, one obtains a fourth relation amongst the δηπ vertex constants, 
With these constants one finds that at threshold for the pp → ppπ 0 reaction, the conversion amplitude is T ηp→π 0 p ≈ 0.98 f m. The t-pole contribution amounts to only T (t) ηp→π 0 p ≈ 0.04 f m We may thus conclude that a δ meson pole in a t-channel contributes very little to T ηp→π 0 p and should play a minor role in the π 0 production process.
III. S-WAVE AMPLITUDES AND CROSS SECTION
In this section we write the primary production amplitude in a form suitable for numerical integration. We call
where p j and E j are the three momentum and total energy of the j-th nucleon. For the incoming particles in the center of mass system (CM) Π 1 = −Π 2 = Π. The energy available in the CM system is
where s = (p 1 + p 2 ) 2 is the total energy squared. We shall calculate the amplitudes and cross sections as functions of the variable Q. We also define
Following the discussion in the previous section we write the primary amplitude as
where M B stands for a partial production amplitude representing the contribution from the exchange of a boson B. We substitute equivalent two-component free spinor matrix elements (Table A6 .1 of Ref. [16] ) in Eqns. 11-13 for s-channels and the appropriate ones for u-channels, to write the scalar and vector meson exchange amplitudes as,
and
where we have used the notation
For the π and η exchange amplitudes, there is a t-channel pole in addition to s and u-channel nucleon pole terms. The sum of all three gives,
Finally, the total cross section is calculated from the expression,
where Z is the three-body FSI correction factor of Refs.
[18] to be specified below.
IV. PREDICTIONS AND COMPARISON WITH DATA
We apply now the model presented in the previous sections to calculate the total cross section for the pp → ppπ 0 reaction at energies close to threshold. We first consider the relative importance of the various exchange contributions. To this aim we draw in Fig. 7 constructively. The ρ, having an opposite sign counteracts to balance their effects. These ratios differ considerably from those predicted by Horowitz et al. [8] . This is mainly due to the fact that the Z-graph used to estimate meson exchange contributions does not account for the nucleon s-channel pole term (our diagram 3a). Particularly, the s and u-channel nucleon pole terms for the scalar meson have opposite signs, thus suppressing the contribution from σ exchange and practically eliminating that from the δ meson. In our calculations taking u-channel contributions only would yield far more important effects due to meson exchanges than obtained with both of the s and u-channels. The lesson to be learned here is that many small terms added up coherently can explain a seemingly large discrepancy, at a time when other small terms which counteract to balance their effects are disregarded.
In Fig. 8 we draw predictions for the total pp → ppπ 0 cross section as obtained for three different value of the πN σ-term. As we shall demonstrate below, with a value of, σ πN (0) = 35 MeV , the σ pole term provides the enhancement required to explain cross section data near threshold. The small dashed curve shows results obtained without the σ-meson pole term included. Albeit, the overall contribution from nucleon pole terms only does not provide the enhancement required to resolve discrepancy between the calculated cross section and data. Clearly, the contribution from an isoscalar-scalar σ-meson pole term dominates the production cross section. To our knowledge, this highly important term and a similar contribution from a δ meson pole have been neglected in previous studies. The latter however plays completely insignificant role, mostly because of far lower propagator and δηπ coupling.
The strong dependence of our predictions on the πN σ-term deserve a comment. Though still not very well known, it seems more likely that the value of this quantity falls in the range σ πN (0) = 35 − 45 MeV [23] . In the calculations presented in the present work we have not included contributions from ∆(1232MeV ) isobar excitations. It remains still to be verified whether the effects of such term would bring the calculated cross section to agree with data even with a larger value of σ πN (0).
V. FSI AND COMPARISON WITH DATA
In comparison with data, the predicted cross section in Fig. 8 varies very fast with energy due to phase space factor. The primary production amplitude (see Fig. 7 ) is practically constant near threshold and therefore contributes very little to the energy dependence. To cure this deficiency of our predictions and allow for comparison with data to be made we must account for FSI effects. In what follows we treat FSI in an approximate way, by assuming factorization of the S-wave production amplitude into a primary production amplitude M (in) and an S-wave FSI factor. For a three body process as in our case, the latter factor is identified [18] with the elastic scattering amplitude (on mass shell) for the process πNN → πNN (three particles in to three particles out) and has the structure of the Faddeev decomposition of the t-matrix for 3 → 3 transition. An important property of this approximation is that the different two body interactions among the out going particles contribute coherently. Although the meson-nucleon interactions are weak with respect to the NN interaction, they can still be influential through interference. This approximation was discussed in length elsewhere [18] and we skip further details here. In the analysis presented below the FSI factor is estimated from πN and NN elastic S-wave scattering phase shifts [29, 30] . The S-wave NN phase shift is obtained from the effective range expansion which includes Coulomb interaction between the two protons. We have used the scattering length a pp = −7.82 fm and an effective range r pp = 2.7 fm of Ref. [29] . The S11 and S13 πN scattering lengths are taken to be a 1 = 0.173 m π , respectively [30] .
To see how influential the πN FSI can be, we draw in Fig. 4 the cross section corrected for FSI interactions assuming pure I= Mechanisms, such as pion rescattering or Z-graph, which are similar but not completely equivalent to contributions from s and u-channels of the present work, have been studied
previously, yet not in a comprehensive and consistent manner as we do here to all of the mesons mentioned above. To our knowledge, contributions from a t-channel has not been considered previously for the pp → ppπ 0 reaction at threshold.
We have found that the contribution from a σ-meson pole in a t-channel dominates pion production at threshold. A term as such accounts effectively for two-pion exchange contributions. The σππ vertex used to calculate this contribution depends rather strongly on the πN σ-term. However, even if we use a value, σ πN (0) = 25 MeV , which is unrealistically too low, a t-channel σ pole term amounts to more than a factor of two higher a contribution than that of the s and u-channel nucleon poles. It seems quite impossible to disregard such an important contribution to the production process. Neither the overall contribution from all meson exchanges, nor any of the various meson exchange contributions, from s and u nucleon pole terms only, can reproduce data for this process. In fact, various contributions of a similar size are found to interfere destructively and including all of these in a consistent manner, yields a production amplitude far below what would be required to explain data.
The off-shell properties of the various partial production amplitudes are taken into account explicitly. For vector and scalar mesons, offshellness is contained in the nucleon form factor and has a marginal influence only. A pseudovector coupling for the pseudoscalar particles, as assumed in this work, introduces an extra factor of q to the amplitude. Consequently for the π and η, each of the s and u nucleon pole terms at q 2 = −3.3f m −2 becomes a factor of ≈ 7 higher in comparison with its value on mass shell. To account for the off mass shell behavior of the σ-meson pole term, we have used Adler's consistency conditions and the isospin even π 0 p scattering length to write the σππ vertex in a rather general form. Taking all of the s, u and t-channel contributions into account, we have found that the π 0 p → π 0 p conversion amplitude off the mass shell is more than a factor ≈ 15 higher in comparison with its on mass shell value. Consequently, the π exchange contribution to the amplitude for the pp → ppπ 0 reaction dominates the production process and brings the calculated cross section to agree with data.
A meson production in NN collisions necessarily involves large momentum transfer. Thus, two-pion exchanges which describe short range interactions are expected to play an important role. In a traditional covariant OBE model such contributions are represented by an effective scalar σ-meson pole term. In χPT calculations these should result from expanding the existing calculations to include one loop two-pion diagrams. Recently, we have extended the existing χPT calculations [11] [12] [13] taking into account all tree and loop diagrams up to chiral order D=2. With these one loop contributions added, it is found that the calculated cross section agrees very well with data and with predictions of the present work [31] .
In analogy with a dominant σ meson pole term in the OBE model, there are substantial contributions from isoscalar-scalar two-pion t-channel exchanges.
In summary, two-pion exchanges play an important role in the production of π 0 in pp → π 0 pp. By taking these into account our predictions from OBE and χPT calculations reproduce data for this process in a consistent manner. 
